Diagnosing cross-scale kinetic energy exchanges from 1 two submesoscale permitting ocean models. 6 Key Points: 7 • We used two submesoscale permitting ocean models of the North Atlantic Ocean 8 to investigate kinetic energy exchanges at fine-scales.
quasi-geostrophic mesoscale eddy field with scales ∼ O(100 km) (Stammer & Böning, 1992) . 47 Due to non-linear interactions among different length scales, energy can be transferred 48 both from large to small (forward, or direct cascade) and from small to large scale (inverse 49 cascade). Understanding the distribution of kinetic energy and variance across scale in 50 oceanic flows is, therefore, key to our knowledge of ocean circulation (Ferrari & Wunsch, 51 2009). 52 To estimate the variance and energy associated with eddy motions at different scales, 53 velocity wavenumber spectral density has proven to be very efficient (Le Traon et Figure 1) . 67 This prediction of geostrophic turbulence theory has been observed both in numerical 68 simulations and the real ocean but with a little discrepancy. Based on altimeter data, Scott 69 and Wang (2005) showed that the (Pacific) ocean is dominated by an inverse cascade of 70 energy at scales larger than R d . So, if one agrees that the altimeter data is reflecting the first 71 baroclinic mode (Smith & Vallis, 2002) , then this is in contrast with geostrophic turbulence 72 theory which predicts a forward cascade for a baroclinic flow. From this discrepancy, two Indeed we know much about the inverse-cascade-dominated-ocean-surface for scales To this end, the aim of this study is to investigate the distribution and transfer of energy 110 across different scales by using outputs of two sub-mesoscale permitting ocean models of 111 the North Atlantic. In particular, we focus on the seasonality and depth penetration of 112 cross-scale KE variance and transfer with an emphasis on scales < 100 km. This paper is 113 organized as follows, section 2 presents a short description of the two numerical simulations.
114
In section 3, we examine the kinetic energy wavenumber spectral density and slope. The Chassignet & Xu, 2017) (see Figure 2 ). HYCOM50 shows a higher eddy kinetic energy 154 (EKE) level along and around the Gulf Stream-North Atlantic Current path. The less 155 energetic Gulf Stream-North Atlantic Current in the NATL60 simulation may be due, in 156 part, to its shorter spin-up period (6 months versus 19 years). A summary of the model 157 parameters is tabulated in Table 1 . 158 Since the NATL60 covers a smaller domain than HYCOM50, we consider the HY-159 COM50 outputs for exactly the same region covered by NATL60 to have comparable results 160 and we perform spectral analysis in sub-domains of 14 10 • × 10 • boxes across the North 161 Atlantic. We focus specifically on quantifying kinetic energy wavenumber spectral density 162 (Eq. 1) and flux (Eq. 2) using horizontal velocity fields. In equation (1) and equation (2) 
3 Distribution of Kinetic Energy The comparison between the two simulations is better illustrated in Figure 5a where 182 we present the annual, winter and summer depth-averages of KE spectra density for the two 183 simulations in the same region (Box 8). The spectral density from the two models agrees 184 well and both are consistent with the QG prediction with a spectral shape of k −3 . There 185 is a strong seasonality in the variance associated with fine-scale motions (Figure 4 and 5b) .
186
The increase in spectral density observed in wintertime at high wavenumbers underscores 187 the energetic nature of fine-scale structures in wintertime. From the KE density plot, we 188 also see that HYCOM50 is more energetic than NATL60 both at the surface and also in the 189 interior.
190
The disparity between the energy level of the two models is not the main focus of this presented in this study is partly based on the ability of the models to reasonably resolve the 279 cross-scale energy exchanges at scales <100 km. 280 We show in Figure 10 the two simulations is presented in Figure 14a .
302
In section 3.1, the question was raised as to whether HYCOM50's higher KE when 303 compared to NATL60 is a consequence of HYCOM50's coarser vertical resolution which 304 could lead to a surface intensified inverse cascade and hence more energetic surface eddies.
305
However, in Figure 11 , we can see that both at the surface and at all depth levels, the 306 estimated inverse and direct cascade is stronger in HYCOM50 than in NATL60. This 307 clearly indicates that HYCOM50 upscale energy flux is not surfaced intensified and we can 308 conclude that the disparity between the two model in terms of energy levels is most likely 309 due to differences in the length of the spin-up and that having only 32 isopycnal vertical 310 levels is not detrimental to the representation of the dynamics in the ocean interior. In this section, we present the seasonality of the kinetic energy spectral flux by com-313 paring winter (JFM) and summer (JAS) averages. Figure 12 shows the winter cascade in 314 blue and the summer cascade in red. There are two notable differences between the seasons.
315
First, there is a shift in the zero crossings to higher wavenumbers in winter. As previously Figure 14b . 334 It is noteworthy that the integral scale and scale of the maximum inverse cascade also 335 undergo seasonality. There is a shift in the scale to high wavenumber from winter to summer.
336
This can be interpreted as a reduction in the averaged size of energetic eddies structures in 337 winter. In Figure 15 , we present the spectral flux from total velocity and geostrophic velocity for Kinetic energy wavenumber spectra density, slope, and flux are estimated in this study.
365
The analysis presented has shown that the North Atlantic ocean follows the framework of depth while the inverse cascade dominates the water column down to 700m. We showed that 373 the maximum inverse cascade occurs at a scale that coincides with the energy-containing 374 scale estimated from the kinetic energy wavenumber spectra.
375
The results presented in this study are based on the analysis of two kilometric simula-376 tions outputs with similar horizontal grid space but different numerics, sub-grid parametriza-377 tion and vertical resolution. In particular, NATL60 has 300 z levels while HYCOM50 has 378 32 hybrid layers. Despite these differences, the two simulations agree well on the overall 379 dynamics of the North Atlantic. Having said that, HYCOM50 show stronger energy level 380 compared to NATL60 both at the surface and in the interior. We found the estimated 381 cascade in HYCOM50 to be of higher magnitude compared to NATL60 for both direct and 382 inverse cascade. The difference in energetics between the two models is possibly due to 383 the difference in the length of the spin-up or the subgrid scale parameterization choices.
384
Initially, we thought that HYCOM50 having just 32 hybrid layers in the vertical could lead 385 to a more surface intensified energy cascade in HYCOM50 than in NATL60. But this is 
